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CORRELATION OF FORCED-CONVECTION HEAT-TRANSFER DATA FOR AIR
FILOWING IN SMOOTH PLATINUM TUBE WITH LON:-APPROACH ENTRANRCE
AT HIGH SURFACE AND IRLET-AIR TEMPERATURES

By ILeland G, Desmon and Eldon W, Sams

SUMMARY

An investigation of forced-convectlon heat transfer was con-
ducted with alr flowling through an electrically heated platinum
tube with a long-approach entrance, an inslde dlameter of
0.525 inch, and & length of 24 inches over ranges of Reynolds num-
ber up to 320,000, average inside-tube-wall temperature up to
3053° R, and inlet-air temperature up to 1165° R,

Correlation of the heat-transfer data using the conventlonal
Nusselt relatlion wherein the physical properties of the air were
evaluated at the average bulk temperaturs resulied ln separation
of data wlth tube-wall-temperature level. Satbtisfactory correlation
of the data was obtained, however, by use of modified correlation
paremeters wherein the mass velocity G (or -product of average air
density and veloclty evaluated at bulk temperature ppVy,) in the

Reynolds mumber was replaced by the product of average air velocity
evaluated at the bulk temperature and the density evaluated at
either the average inglde-tube-wall temperature or the average film
temperature; 1n addition all the physical properties of air were
correspondingly evaluated at elther the average inside-tube-wall

_temperature or the average film temperature.

INTRODUCTION

Experimental data on forced.convection heat transfer to air
flowing in emooth tubes at surface temperatures up to about 2100° R
and an inlet-air temperature of about 540° R are presented in ref-
erences 1 and 2, The low surface~temperature data in these refer-
ences agree reasonably well with the average line obtained by
McAdams from correlation of the results of various investigators
(reference 3). As the surface temperature increases, however, the
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data separate and can no longer be correlated by use of the conven-
tional Husselt relation, It is further shown in references 1l and 2
that, when certain modifications are applied to the conventional
meothod of correlation, the data for all surface temperatures fall
together, resulting in good correlation over the entire range of
condltions investigated., The data are extended in reference 4 to
include the effect of various entrance configurations,

In order to increase the range of surface temperature, heat-
transfer date were obtalned with air flowing through an eleotrically
heated sllicon carbide tube at surface temperatures up to 2500° R
(reference 5), These date were thought to be somewhat unreliable,
however, because the sllicon carblde tube was rough, porous, and of
uncertain effeotive heat-transfer length. Accordingly, the range
of high surface temperatures was reinvestigated with a platinum
tube and the results are reported herein, The data cover ranges
of surface temperature up to 3053° R and inlet-alr temperature from
540° to 1165° R,

APPARATUS

A schematic dlagram of the heater tube and associated com-
ponents of the alr and electrical systems used In thils lnvesti-
gation 1s shown in figure 1. A photograph of the heater-tube
ingtallation is shown in figure 2, The setup, in general, was
similar to those of references 1, 2, 4, and 5,

Heater Tube

The heater tube, detalls of which are shown in figure 3, con-
sisted of a platinum tube having an inside diameter of 0.525 inch,
a wall thickness of 0.080 inch, and an effective heat-transfer
length of 24 lnches, Both ends of the platinum tube were sllver-
soldered into specially fabricated copper bushings, which In turn
wore sllver-soldered to Inconel flanges. Although the electrical
leads were attached to the Inconsl flanges, the resistance of the
I'langes and copper bushings was negliglble compared to that of the
platinum tube and therefore the effectlive heat-transfer length was
considered to be the 24-inch length of platinwm only. An approach
sectlion with a length of 24 inches and an inside dlameter of
0.525 inch was attached to the inlet end of the heater tube, Meas-
urements of the approach-section-wall temperature indicated that
warming of this section by conduotion losses from the heater-tube
Plange resulted in a maximum increase in inlet-air temperature of
less than 1 percent,
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The heater tube was thermally  insuliated from the atmosphere
by three concentric stainless-steel radiation shields with insu-
lating sand Pi11ling the spaces between the shields., The total

thickness of lnsulation and shielding was l% inches,

. Inasmuch as local outside-tube-wall temperatures of 3000° F
were contemplated (and actually measured), occasional thermocouple
fallures were anticipated. Accordingly, ring contact-type thermo-
couples were used to facilitate replacement and to avoid merring
the surface of the platinum., The platinum - platinum-rhodium ther-
mocouples used were located at 2-inch intervals along the length
of the heater tube with ons additional thermocouple, located -

3/16 inch outside bach end of the heater tube, peened into the
copper bushings (fig. 3). The thermocouples were Pabricated by
butt-welding the two dissimilar wires, holding the Jjunction on

the tube surface, and wrapping each wire halfway around the tube,
The two wires were then drawn through a two-hole ceramic tube from
the test sectlon at a point diametrically opposite the Jjunction as
may be seen In figure 2, The wires were spring-loaded to maintaln
several ounces of force to hold the Junction against the tube wall,
The temperature indicated by this thermocouple arrangement was
found to be 1n good agreement with that indiocated by a comventional
peened-type thermocouple when checked in an induction Purnace over
a range of temperatures up to 2500° R.

Alr and Electrical Systems

Air system, - As shown in figure 1, compressed air was supplied
through a pressure-regulating valve, filter, heater, and two A.S.M.E.
type flat-plate orifices in series to the inlet tank, From the inlet
tank, the alr passed through the approach section, the heater tube,
and then into the mixing tenk from which it was discharged to the
atmosphere., The inlet tank, mixing tank, and entrance amd exit
piping adjolning the heater tube were thermally insulated.

The temperature of the air entering the heater tube was measured
by a silver-shielded radiation-type thermocouple located in the inlet
tank., The temperature of the air leaving the heater tube was meas-
ured by two chromel-alumel thermocouples located immediately down-
stream of a set of mixing baffles in the mixing tank,

~
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Electrical system, - The electricel system was similar to that
described 1n reference 5. Power was supplied to the heater tube
from a 208-volt, 80-cycle supply line stepped down to the desired
value through a transformer and two ssturable reactors. The capac-
ity of the electrical equipment was 25 kilovolt-amperes .,at a maxi-
mum of 10 volts. The power was measured by a watiy meter connected
to the tube, as shown in figure 1.

SYMBOLS
The following symbols are used in this report:

specific heat of ailr at constant pressure, (Btu/(1b) (°F))

°p
inside diameter of heater tube, (ft)
mass velocity (mass flow per unit cross-sectional area),
(1b/(hr) (sq £t)) ‘
h average heat-transfer coefficlent, (Btu/(hr)(sa £t)(°F))
k thermal conductivity of air, (Btu/(hr)(sq £t)(°F/ft))
k, thermal conductivity of platinum, (Btu/(hr)(eq £t)(°F/£%))
Q rate of heat transfer to air, (Btu/hr)
s effective heat-transfer area of heater tube, 0.275 (sq ft)
T total temperature, (°r)
Ty, aversage bulk temperature equal to average of entrance
and exit total temperatures, (°R)
T average £ilm temperature equal to half the sum of average
bulk and average inside-tube-wall temperatures, (°Rr)
Ty . average inside-tube-wall temperature, (°R)
v velocity, (£t/hr) |
W air flow, (1b/hr)

u absolute viscosity of air, (1b/(hr)(ft))
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0 density of air, (1b/cu ft)
hD/k Nusselt number
cph/k Prandtl number
DG/ Reynolds number

ppVpD/up modified £ilm Reynolds number

PgVpD/kg modified surface Reynolds number

Subscripts:

1 heater-tube entrance

2 " heater-tube exit

(o} X outslde surface of heater tube

b bulk (when applied to properties, indlcates evaluation
at average bulk temperature)

£ film (when applied to properties, indicates evaluation’
at average film temperature)

8 surfece (when applied to properties, indicates evaluatilon

at average inside-tube-~wall®temperature)

PROCEDURE AND METHOD OF CALCULATION
Experimental Procedure

The experimental procedure, which is similar to that used
in references 1, 2, 4, and 5, is briefly reviewed as follows:
The air flow through the heater tube was adjusted to the desired
value of Reynolds number at certain values of inlet-alr and average
surface temperatures., When conditions reached equilibrium, the
data were recorded. This procedure was then repeated, maintaining
the Inlet-alr and surface temperatures constant until the desired
range of Reynolds number was covered for a series of values of

‘inlet-alr and surface temperatures.
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Data were obtainsd over ranges of Reynolds number from aboutb
20, OOO to 320,000, average inside-tube-wall temperature up to
3053 R, 1nlet-air temperature up to 1165° R, and heat-flux den- . . .
s8ity up to 145,000 Btu per hour per square foot

Method of Calculation

In the method of calculation, the physical properties of the
gir used in correleting the data are the same as those presented in
reference 5; the pertinent relations are, however, given for
convenlence,

Heat-transfer cocefflclents, - The average heat-transfer coef-
ficient h 1is computed from the experimental data by the relation

WGP ,'b(Tz - Tl)
S(Ty - Tp)

b= (1)

The bulk temperature T, 1s defined as the average of the heater-
tube-entrance and -exit total temperature T; and Ty, respectively,

The average inside-tube-wall temperature Tg 1s computed from
the relation

- - Q
T, =T, - 0.012 £ (2)

Equation (2) was obtained by substituting the physical dimensions
of the platinum tube in an equation derived (reference 6) with the
agsumptions that heat is uniformly generated across the tube wall
and that heat flow is directed radlally inward. The outside-tube-
wall temperature T, 1s obtained from Iintegration of axial-
temporature~-distribution curves and the thermal comductivity of
platinum kp maey be closely approximsted betwsen the temperatures

of 700° to 3100° R by the relation

ky = 0.0062Tg + 37.7 (3)

The straight-line equation (equation 3) best fits the data of
reference 7 between the stated temperature limits,
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Correlation of heat-transfer data, -~ The date are flrst cor-
related in ths conventional manner by the Nusselt relation

2. o(2) (2

T X

where (hD/k)/(cpu/k)O'4 is plotted against DG/p to determine
experimentally the comstant C and the exponent mj; the exponent
n 1s taken asg 0.4; and the pbysical properties of the air are
evaluated at the bulk temperature,

Correlation of the data is greatly improved, however, by use
of modified correlation parameters wherein the mass veloclty G
(or opVp) in the Reynolds number is replaced by the product of
average alr veloclty evaluated at the bulk temperature and the
density eveluated at either the average inside-tube-wall tempera-
ture or the average fllm temperature; in addition all the physical
properties of air are correspondingly evaluated at either the
average inslide-tube-wall temperature or the average film temperature.
The average fllm temperature is defined as half the sum of the
average bulk and aversge surface temperatures. The modified sur-
face Reynoldis mumber is

Ps¥bD E)“_b CANNEATEATEN ,
Hg ~ \Mp/\Ms/\Pp/  \ Hp/\Mg/\Ts 5)

and the modlfied surface Nusselt relatlion is

D\ ® T
- C, (psu: ) (cl’;::"s) (6)

Similarly, the modified film Nusselt relation is

B (prbD>mf ( cp,fﬂf)nf )
ke He ke
In squations (6) and (7), the constants Cg; and Ce and the

exponents mg; and mp are experimentally determined and the
exponents ny; and np are taken as 0.4.

&1
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RESULTS AND DISCUSSION
Correlation of Data at Inlet-Air Temperature of 540° R

The date obtained at an inlet-air temperature of 540° R are
comparable with the data presented In references 1, 2, 4, and 5.

Conventional correlation based on bulk temperature. - The
heat-tranafer data obteined at a nominal inlet-air temperature of
540° R and at surface temperstures from 981° to 3053° R are pre-
sented in the conventional mammer in figure 4 where Nusselt num- 4
ber divided by Prandtl number to the 0.4 power (hD/kbepp,bpb/kb)o'

is plotted ageinst Reynolds number DG/ub. Included for comparison
is the average curve cbtained by McAdams (reference 3).

As has been shown previously (references 1, 2, 4, and 5), the
data form a famlly of parallel curves with a common slope of about
0.8 above a Reynolds number of about 25,000. Each curve represents
an individual surface temperature. The low temperature data approach
McAdams' curve; but as surface temperature is increased, the data
fall progressively below the reference curve until at a surface tenm-
perature of 3053° R and a Reynolds number of 100,000 the conven-
tional method predicts a value of Nusselt number that 1s almest

100 percent too high,

Modified correlation based on surface temperature. - When
Reynolds number 1s modified in the mennsr previously described
and all the physlcal properties of the alr are evaluated at the
average surface temperature, the results shown in figure 5 are
obtained, The data are the same as in fligure 4 and egree with the
results of reference 4, The curve through the data is that which
best fits the data of reference 4. The equation of the curve for
Reynolds numbers above 10,000 is

0.4 0.8
hD Cp,gMs) PgVpD
(E)/(_,——_ks ) = 0'023(—u5 ) (8)

Although the curve was establighed from data obtalned at sur-
face temperatures up to about 2100° R, it is valld for predicting
heat-transfer coefficients at hlgher surface temperatures as indl-
cated by the agreement between 1t and the present data for which
the average surface temperatures were as high as 3053° R,
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Modified correlation based on film temperature. - The data are
replotted in figure 6 where Reynolds number 1s modlfied as previ-
ously described, but all the physical properties of the air
Including density are evaluated at the average film temperature
instead of the average surface temperature. The equation of the
curve drawn through the data above a Reynolds number of 13,000 is

@)/E2) a5 @

This method of correlation results in a& maximum scatter of *12 per-
cent above a Reynolds number of 13,000 compared to *4 percent in

figure 5,

Comparigon of methods of evaluating the heat-transfer date. -
The relation between the methods of correlation used in figures 4,
to 6 is illustrated In figure 7 where two data points at average
surface temperatures of 1511° and 3053° R are plotted 28 determined
by 211 three methods, The ordinate is Nusselt mumber divided by
Prapdtl number to the 0.4 power and the abscilssa is Reynolds number.
The equatlion of the reference curve is

Nusselt number
A
Prandtl numbero

= 0.023(Reynolds number)®*S (10)

If Prandtl number is considered a constant in order to facilitate
explanation, the vertlcal height of either data point on any tem-
perature basls 1ls inversely proportional to the thermal conduc-
tivity at the temperature of evaluation. In other words, as the
temperature at which the thermal comductivity is evaluzted is
increased from bulk to surface, the value of the ordinate decreases.
Similiarly, the horizontal distance to the right of an abscissa
value of unlty is inversely proportional to the produwct of absolute
viscosity and temperature of evaluation as may be seen from
equation (5).

The flnal result of Increasing the temperature of evaluation
is to move the given data polnt to the left at a faster rate than
in the downward direction, thus reducing the separation with sur-
Pface temperature. The magnitude of the effect of modifying the
data 1s proportional to the average surface temperature at which
the date were obtalned, as indicated by the fact that the 3053° R
polnt moves farther than the 1511° R point when undergoing the
seme modlficatlon, The effect of the modificatlions is that of
bringing the data at various average surface temperatures to e
common line having a slops of 0.8.
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Correlation of Elevated Inlet-Alr Tempersture Deta

Additional heet-transfer data were obtained over a range of
elevated inlet-alr temperatures from 760° to 1165° R, When plotted
in the conventionsl manner whereln the physical properiles of the
alr are evalusted at the average bulk temperature, the data exhib-
ited & trend with surface temperature similar to that shown In fig-
ure 4. A slight inlet-air-temperature effect was alsoc in evidence
in figure 8.

Correlation baged on surface temperature., - The elevated,
inlet-air-temperature data are plotted in figure 8 using modified
surface Reynolds number and evaluating the physical propertles of
the alr at the average surface temperature. The curve shown is
the one used to correlate the data obtalned at an 1nlet-air tem~
perature of 540° R in figure 5.

Comparison of date obtained at one inlet-alr temperature, such
as 760° R, with three average surface temperatures shows that this
method of correlation largely eliminates the trend with surface
temperature. The scatter, which 1s in evidence, is primerily
believed to be separation of data wlth inlet-air temperature, the
maximum scatter being about * 16 percent. An average line through
the data would be about 12 percent below the reference line,
Althongh the reason for separation of data with inlet-air temper-
ature 18 unknown, measurements of the approach-section-wall tem-
perature indiocate that this effect 1s not due to a change in
inlet-air temperature between the point where measured in the inlet
tank and the heater-tube entrance, The effect becomes mors pro-
nounced at the higher inlet-air temperatures.

Correlation based on £ilm temperature, - The elevated Inlet-
air-temperature date are again shown in figure 9 using modified
£ilm Reynolds nutiber and evaluating the physical properties of
the air at the average film temperature.  The curve shown is the
one used to correlate data obtalned at an Inlet-air temperature
of 540° R in figure 6, ZExamination of the data reveals that both
the surface-temperaturs and inlet-air-temperature itrends are amall
end the scatter is random., The maximum scatter lis about 1l per-
cent, somewhat less than that evident in the previous correlation.
An average lins through the data would be about 6 percent below
the reference line,

1402
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Correlation of Data at Inlet-Alir Temperatures
from 540° to 1165° R

Determination of constant in modifled Nusselt equation, - All
the heat-transfer deta obiained over ranges of average surface
tempersture from 981° to 3053° R and nominal inlet-air temperature
from 540° to 1165° R are shown in figure 10 where the ordinate is

(nD/kg)/0.023 [(°p,s“s/ks)o°4 (psvb]j/ps)o's:] and the abscissa is
modified surface Reynclds number p875D/uB. Valvues of the ordinate

in figure 10 correspond to the ratio of the experimentally deter-
mined constant in the Nusselt equation divided by 0.023, the value
glven in references 2 to 4. A separatlion of data with inlet-air
temperature 1s quite evident., The data obtalned at an inlet-air
temperature of S40° R agree very well with a constant value of
0.023. As the inlet-air temperature Increases, however, the aver-
age value of the constant decreases untll at an inlet-alr temper-
ature of 1165° R the constant should be 80 percent of 0.023 or
0.0184. The average value of the constant for all the data 1s
0.0215 with a scatter around this value of 18 percent.

The data from figure 10 are replotted in figure 11 where the
parameters are the same except that they are evaluated at the aver-
age £ilm temperature instead of the average surface temperature.
An inlet-alr-temperature effect 1s alsoc seen in figure 11, but its
megnitude is emsller than that in figure 10 and not as well defined,
The average constant for all the data lIs 0.823 X 0.023 or about
0.019 with a scatter around this wvalue of 15 percent. Comparing
the scatter in figures 10 and 11 leads to the conclusion thet the
modified-film-temperature method of correlation ls somewhat better
than the modified-surface-temperature method when the elevated
inlet-alr-temperature data are considered.

Correlation based on surface temperature, - All the data
obtalined in the present investigatlion are shown in figure 12
together with the long-approach~entrance data of reference 4,
where the product of Nusselt number divided by Prandtl number
to the 0.4 power 1s plotted agalnst modified surface Reynolds
numnber and the physical propertles are based on the surface tem-
perature, The equation of the lline best fittlng the data above
a Reynolds number of 10,000 1s

0.4 7. p\0-8
(%)/(c .._k,__:us) = 0.022 (—E-—Bp: ) (11)

11
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This value of the comstant 1s only about 5 percent below the con-
ventionally used value of 0.023 but ls more representative of the
data. The value 0.022 was arrived at by weighting all the data
points (including those obtained from reference 4). As in fig-
ure 10, the maximum sgoatter in the correlatlion above a Reynolds
number of 10,000 is about =18 percent; the root mean square devi-

ation from the line is, however, only 6% percent,

402

Correlation based on film temperature, - Figure 13 1s the
same ag Pigure 12 except that the physlcal propertles of the alr
are ovaluated at the average fllm temperature instead of the aver-
age surface btemperature, The eguation of the line best fltilng
the data above a Reynolds mumber of 13,000 is

0.4 0.8
1D °B,f“f) . C’beD) )
(kf) ( i 0.020{=== (12)

In figure 11, the maximum scatter in the correlation is about
%15 percent and the root mean square deviation from thé line is,

as 1n figure 12, only 6% percent,

CONCLUDING REMARKES

The discussion of figures 12 and 13 indicates that the modified
f1lm correlation is somewhat better than the modified surface cor-
relation from the standpoint of maximum scatter of experimental
data, It appears, however, that the modifled-surface and modified-
film correlation methods, respectively, overcorrect and under-
correct the data; the undercorrection results in the smaller
scatter, Future investigation may indicate that use of some
temperature between surface and film will result in the best
correlation,

Until the small uncertainties in the method of correlation
have been explained, the equation of the line recommended for
design purposes at Reynolds numbers above 10,000 1s

0.8 0.4
pgVpD Y * 13
b | o.ozz(—"ﬁl) <&;§—")

kS 8 8
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SUMMARY OF RESULTS

The resulits of a heat-transfer investigation comducted with
alr flowing through an electrically heated platinum tube with a
long-approach entrance, an inside diameter of 0.525 inch, and a
length of 24 inches, over ranges of Reynolds number up to
320,000, average inside-tube-wall temperature up to 3053° R,
inlet-air temperature up to 1165° R, and heat-flux demnsity up to
145,000 Btu per hour per square foot showed that:

1, Correlation of the average heat-transfer coefficilent
according to the conventional Nusselt relation wherein the physical
propertlies of the alr are based on the average bulk temperature
resulted in separation of data with surface temperaturs,

2. The heat-transfer data cbtained at an inlet-sir temperature
of 540° R correlated best using modified correlation parameters
wherein the mass velocity G (or product of average air density
and velocity evaluated at bulk temperature pr5) in the Reynolds

number was replaced by the product of average air wveloclty evaluated
at the bulk temperature and the density evaluated at either the
average inside-tube-wall temperature or the average film temperature;
in addition, all the physical properties of air were correspondingly
evaluated at elther the average inside-tube-wall temperature or the
average f1lm temperature.

3. Although the modified film correlation was slightly better
than the modified surface correlation when the heat-transfer data
obtained at all inlet-air temperatures from 540° to 1165° R were
included, 1t is believed that modified surface and modified Pilm
correlations overcorrect and undercorrect the data, respectively.

4. Untll the small uncertainties in the method of correlation

have been explained, the equation of the line reccmmended for
design purposes at Reynolds mumbers above 10,000 is

b V=D 0.8 o " 0.4
-:;2 - o.ozz(—-’ b ) (—P-'—B 8
s Hg kg

— Russelt number evaluated at surface temperature
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modified surface Reynolds mumber

°p.sts Prandtl number evaluated at surface temperature

kg

Lewls Flight Propulsion Laboratory,

7.

National Advisory Committee for Aeronautics,
Cleveland, Ohio. - :
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